The groucho-related genes (Grg) of the mouse comprise at least four family members. In Drosophila, groucho is one of the neurogenic genes that participates in the Notch signalling pathway. The Groucho protein interacts with Hairy-related transcription factors to regulate segmentation, neurogenesis and sex determination. Thus, by analogy to the Drosophila proteins, murine Grg proteins may interact with mammalian Hairy and E(spl) homologues (Hes proteins) and take part in a signalling pathway downstream of murine Notch. We have isolated murine Grg4 cDNAs and examined Grg4 expression during embryogenesis. Transcripts of Grg4 were detected in proliferating epithelial tissues undergoing mesenchymal induction, overlapping with Grg3, Notch1 and Hesl expression. Grg4 was also expressed in the central nervous system and somites, but in cells adjacent to cells. This distinct pattern of expression suggests a role for Grg4 in later stages of cell differentiation than for the other mouse neurogenic gene homologues.
Introduction
The regulation of cell determination and differentiation is critical to the correct development of the embryo. Transcription factors that promote cell determination and differentiation have been identified through mutational screens of Drosophila (Ntisslein-Volhard and Wieschaus, 1980; NiJsslein-Volhard et al., 1987) . These include numerous E box-binding basic helix-loop-helix (bHLH) factors. For example, in Drosophila, the proneural Achaete-scute proteins direct cells along a neural lineage (Cabrera et al., 1987) and the muscle determination factor, Nautilus, directs cells along a myogenic lineage (Bate et al., 1993) .
The bHLH proteins associated with determination along particular lineages are in many cases antagonized by another family of bHLH proteins, such as the Hairylike proteins (Ohsako et al., 1994; Van Doren et al., 1994;  with extracellular EGF repeats that act as a receptor for intercellular signalling. In the case of neurogenesis, Notch activation leads to nuclear localization of a transcription factor, Suppressor of hairless (Su(H); Fortini and Artavanis-Tsakonas, 1994 ). Su(H) then activates transcription of E(spl) genes (Erickson et al., 1992; Meyers et al., 1993) . The protein products of the E(spl) genes in turn inhibit the ASc-C proneural genes, thereby leading the cell along an epidermal rather than a neural lineage (Artavanis-Tsakonas and Simpson, 1991; Paroush et al., 1994) .
Mammalian homologues of the Drosophila neurogenic genes have been identified. Mashl and Mash2, mammalian homologues of Achaete-scute, play a role in cell differentiation in the nervous system and the ectoplacental cone, respectively (Lo et al., 1991; Guillemot et al., 1993 Guillemot et al., , 1994 . The muscle regulatory factors, first found in vertebrates (Myf5, MyoD, Myogenin, and Myf6) and then identified in Drosophila (Nautilus) , are bHLH proteins involved in muscle cell determination and differentiation (Braun et al., 1989; Sassoon et al., 1989; Wright et al., 1989; Bate et al., 1993) . Hes genes, homologues of hairy and E(spl), have been isolated from rat and mouse (Akazawa et al., 1992; Sasai et al., 1992) . The single groucho gene of Drosophila is represented by a multigene family in humans (TLE genes) (Stifani et al., 1992) and in mouse (Grg genes) (Mallo et al., 1993; Miyasaka et al., 1993; Leon et al., 1996) . A family of mammalian Notch homologues has also been characterized (Coffman et al., 1990; Ellisen et al., 1991; Weinmaster et al., 1991 Weinmaster et al., , 1992 Franco del Amo et al., 1992; Reaume et al., 1992; Lardelli et al., 1994) . Here we refer to the mammalian homologues of the neurogenic genes as the mNGs.
The functional interactions between Notch and the bHLH transcription factors also appear to be conserved in vertebrates. The intracellular domain of murine Notch inhibits neural and myogenic differentiation of mouse P19 EC cells and represses transcriptional activation by Myf5, MyoD and an Achaete-scute homologue Nye et al., 1994) . A link between Notch, Su(H) and E(spl) mammalian homologues was also recently demonstrated: KBF2/RBP-Jx, a human homologue of Su(H), was shown to bind the intracellular domain of a constitutively-active form of Notch and activate transcription of a Hesl promoter fragment (Kania et al., 1990 ). Recombinant Hes proteins are able to block transcriptional activity of an E box-containing promoter in vitro and myogenic conversion of 10T1/2 cells by MyoD (Akazawa et al., 1992; Sasai et al., 1992; Ishibashi et al., 1993) . Thus, both the structure and interactions of the neurogenic gene family may be conserved from Drosophila to vertebrates. However, the results from gene targeting of Notch, Mash and Hes genes indicate a role for the mNGs in regulating cell differentiation (Guillemot et al., 1993 (Guillemot et al., , 1994 Swiatek et al., 1994; Conlon et al., 1995; Ishibashi et al., 1995) , rather than in cell determination as for Drosophila.
We have cloned a family of murine genes that are homologues of Drosophila groucho, here referred to as Grg, for groucho-related genes (Mallo et al., 1993) . Two of these genes have been reported previously and designated Grg (Mallo et al., 1993) and AES (Miyasaki et al, 1993) . A family of human groucho-related genes was also previously reported and designated TLE1-4 (transducinlike element; Stifani et al., 1992) . Therefore, we have adopted the designation of Grg for the murine genes, and numbered them consistently with the numbering of the human TLE genes.
We previously studied the expression pattern of Grg3 (Groucho-related gene 3) during murine embryogenesis and noted that its expression overlapped extensively with Notch1, suggesting that these two genes may have a conserved functional interaction (Leon et al., 1996) . The expression domains included undifferentiated cells in the nervous system and epithelial structures undergoing mesenchymal induction. Therefore, as noted for Notch previously (Weinmaster et al., 1991) , Grg3 expression is associated with cells which are committed to a particular lineage but are undifferentiated and mitotically active.
Here we report the expression of another grouchorelated gene, Grg4. This gene is also expressed during embryogenesis in a pattern that suggests a role in cell differentiation. However, its expression domains are distinct from Notch, Hes and other Grg genes that we have examined, particularly in the developing central nervous system (CNS). Its expression in the nervous system suggests it may interact with a transcription factor outside of the known Hes family to effect neuronal differentiation.
Results

Isolation of a Grg4 cDNA
In order to isolate mouse homologues of Drosophila groucho, we used PCR to amplify conserved sequences in the WD40 domain. The primers were chosen based on sequence similarity between Drosophila and human sequences (Stifani et al., 1992) . Sequences representing three different Grg transcripts were identified from the PCR products (Leon et al., 1996) . These were then used to screen a mouse cDNA library. Several of the cDNAs corresponded to the mouse homologue of TLE4, which is one of the human groucho homologues (Stifani et al., 1992) , therefore we designated the mouse gene
Grg4.
Grg4 encodes a protein that is highly conserved with the Drosophila Groucho protein and with the other mammalian Groucho homologues (Fig. 1) . The five characteristic domains of Groucho are the Q, G/P, CcN, S/P and WD40 domains (Stifani et al., 1992) . The WD40 domain is likely used for interactions with other proteins (Neer et al., 1994) and is very highly conserved among all of the Groucho homologues (>96%). This suggests that each Grg member interacts with the same proteins through that domain.
On the other hand, the S/P domain, which is used for interactions with the Hairy-related transcription factors (Paroush et al., 1994) , is not well conserved between Grg4 and other Grg members. This suggests that each Groucho homologue binds to a unique subset of Hairyrelated transcription factors. However, the S/P domain of Grg4 does show high homology to the S/P domain of its rat and human counterparts, TLE4 and Esp2, respectively ( Fig. 1) 
Early expression of Grg4
Grg4 expression was analyzed by whole mount in situ hybridization of mouse embryos with digoxygeninlabelled antisense RNA probes (Wilkinson and Nieto, 1993) (dpc) and older were sectioned first, followed by hybridization with the RNA probe on slides (Wilkinson and Nieto, 1993) .
The earliest expression of Grg4 was detected in 7 dpc embryos, during the early headfold stage and prior to somite formation ( Fig. 2A) . At this time the RNA probe was detected in the migrating extraembryonic and lateral mesoderm ( Fig. 2A, arrow) , and in the amnion. This expression was similar to that of another groucho-related gene, Grg3 (Fig. 2B ) (Leon et al., 1996) . In contrast, Hesl at the same stage is expressed in the neural plate and around the node, and Notchl is expressed in pre-somitic mesoderm (Fig. 2C,D) .
At 8.5 dpc, the Grg4 signal was strong in the neural plate in the primitive streak region (Fig. 3A, ps) . The neuroepithelium in the prospective brain also displayed high levels of expression, but was restricted to the prosencephalon (Fig. 3A, concave arrowhead) , a diffuse band in the mesencephalon and metencephalon, and weaker signals in two stripes in the myelencephalon (Fig. 3A, arrowheads). Grg4 was also expressed in the presomitic mesoderm and in newly formed somites, and expression continued in the caudal half each somite (Fig. 3A) . This pattern overlaps expression of Hesl in the prosencephaIon and the rostral stripe in the mesencephalon (Fig. 3C,  arrowheads) , suggesting Hesl may be a transcription factor with which Grg4 interacts in these tissues. Another overlapping domain of expression was in the region where the first pharyngial pouch forms (Fig. 3A,C, p) , which may correspond to neural crest-derived mesenchyme. In the CNS at the same stage, Grg3 was expressed throughout the neural plate, but at highest levels in the midbrain (Fig. 3B) and Notch1 expression was detectable in the midbrain (Fig. 3D) .
Grg4 expression during organogenesis (9.5-12.5 dpc)
As the neural tube closed (8.5-9.5 dpc), the expression of Grg4 became restricted, first dorsally (Fig. 4A, black bracket), and then to a dorso-lateral region of the spinal cord (Fig. 5C, arrowhead) . This expression was different from other Grg and Hes genes reported to date, which are generally expressed more dorsally in the neural tube ( . Expression of Hesl in the primitive streak region may correspond to tissue around the node, by comparison to the expression around the node at 7.5 dpc (see Fig. 2C ). (D) Notch1 is expressed at low levels in the brain, in a restricted domain within the somites, and at high levels in the presomitic mesoderm. 5D,E) (Akazawa et al., 1995; Sasai et al., 1992) . In the midbrain and hindbrain, Grg4 was expressed dorsally (Figs. 4A, mb, and 5A, hb, arrowhead). At 11.5 dpc, a few cells in the region of the floor of the midbrain and hindbrain also stained for Grg4 expression and transcripts could be detected throughout the ventricular zone of the CNS by 12.5 dpc (Fig. 6 ).
In the forebrain region, the strong Grg4 signal in the neuroepithelium of the telencephalon was neighbored by expression in the surface ectoderm of the prospective Fig. 5 . Sections of 9.5 dpc embryos after whole mount in situ hybridization with a Grg4 antisense probe. (A) Grg4 signal is detected in the neuroepithelium of the dorsal part of the hindbrain (hb, arrowhead), the otic vesicle (ov), and in the most lateral portion of the pharynx (ph, arrow). (B) In the tail region, Grg4 is expressed throughout the open neural plate (np), the presomitic mesoderm (arrowheads) and in the lateral mesoderm of the somatopleure and splanchnopleure (concave arrowheads and arrows, respectively). (C) Grg4 is expressed in a restricted dorso-lateral region of the neural tube (arrowhead) and in the myotome (arrow), but not in the dermatome. (D) By contrast, Grg3 is expressed in the dorsal-most part of the neural tube and the ventricular zone next to the lumen, and in the dermamyotome of the somites (arrow). (E) Grg5 transcripts are localized to the dorsal-most part of the neural tube and the dermatome compartment of the somite (arrow). olfactory placodes (Fig. 4A, arrowhead) . Grg3, Grg5 and Notchl are also expressed in the developing olfactory placodes (Fig. 4B) (Franco del Amo et al., 1992; Reaume et al., 1992; Leon et al., 1996) . The early expression of Grg4 there persisted at later stages in the neural layer of the olfactory epithelia (Fig. 6A, he) . Other expression in the CNS was detected in the developing optic and otic placodes, and subsequently in the lens and the neuroepithelia of the developing eye and ear (Fig. 5A , ov, and data not shown). In the peripheral nervous system, Grg4 was expressed in the dorsal root ganglia and cranial ganglia (Fig. 6B, drg) . Again, this expression overlaps Grg3, Grg5 and Notchl expression (Franco del Amo et al., 1992; Reaume et al., 1992; Leon et al., 1996) .
Within the paraxial mesoderm, expression of Grg4 began in presomitic mesoderm (Fig. 4A , white bracket) and in somites was restricted to a portion of the myotomal compartment (Fig. 5C, arrow) . This is in contrast to Grg3, which is expressed throughout the myotome and dermatome, and Grg5, which is expressed in the dermatome (Fig. 5D,E, arrows) . Of the Hes genes reported, Hesl is expressed in the somites (Fig. 4C, arrows) . However, we have not examined which region of the somites it is expressed in, therefore it is not clear which of the Grg proteins Hesl may be interacting with there. Two of the genes that Hes and Grg proteins may regulate, by analogy to the Drosophila proteins, are Myf5 and MyoD, which encode bHLH muscle determination factors. Myf5 and MyoD are expressed in the myotome of the somite (Braun et al., 1989; Sassoon et al., 1989) .
Thus, Grg4 expression in the myotome may play a role in the regulation of Myf5 and MyoD expression.
Another site of Grg4 expression during this period was in the pharynx. The expression was restricted to lateral regions of the pharynx and neighboring mesenchyme (Fig. 5A, arrow) , which appeared to coincide with the formation of the pharyngeal pouches. 
Late expression of
dpc)
At 14.5-16.5 dpc, many of the sites of Grg4 expression (Figs. 7, 8 and 9) were similar to Notch1, Hesl and Grg3 (Fig. 9) (Franco del Amo et al., 1992; Reaume et al., 1992; Sasai et al., 1992; Leon et al., 1996) . This included expression in the whisker follicles (Fig. 7A, wh) , neural layers of the nasosensory epithelia (Fig. 7D, ne) , gut endoderm and basal layer of the skin (Fig. 7E ), lung epithelia (Fig. 8A,B, lu) , the cortex of the kidney and adrenal medulla (Fig. 8C, ki, ad) , and retina, salivary glands and tooth buds (Fig. 9A, sg, tb) . As has been previously observed, these tissues correspond to epithelial structures which are induced by neighboring mesenchyme (Wessells, 1977; Weinmaster et al., 1991) . The cranial ganglia and dorsal root ganglia also stained for Grg4 transcripts, in common with Notch1 and Grg3 (Figs. 7C, V, VII, IX, and 8A, drg).
Within the CNS at 14.5 dpc, Grg4 transcripts were detected in the ventricular zone throughout the brain and spinal cord (Fig. 7A,B, vz) . However, the strongest signal for Grg4 was in an outer layer of cells in the cerebral cortex (Fig. 7B, cc) . At this time, the cortical layers have begun to form by migration of cells from the ventricular zone of the cerebrum to the outer molecular layer, forming the cortical plate (Rakic, 1972 (Rakic, , 1988 . As each new layer of cells migrates from the ventricular zone to the molecular layer, they displace the previous layer to the inside of the cortex. At 14.5 dpc, Grg4 expression appeared to occur in the newly migrated cells, as well as in cells of the ventricular zone. At 16.5 dpc, the Grg4 signal in the cerebral cortex corresponded to the cells which had migrated and then been displaced internally by the later migrating cells (infragranular layer of the cortical plate; Fig. 9A ,B, CPi) (DiNardo et al., 1988) . No staining was apparent in the ventricular zone (Fig. 9B, vz) . This is in contrast to Notch1 (data not shown) and Grg3 at 16.5 dpc, which are expressed in the ventricular zone (Fig. 9D, vz) and the outermost layer in the cortical plate (supragranular layer; Fig. 9D , CPs), and to Hesl, which is expressed only in the ventricular zone (Fig. 9F, vz) . Therefore, Grg4 may designate the neuroblasts that are the first to differentiate or serve a function in the later differentiation of neurons in the cortex.
Discussion
Our analysis of Grg4 expression demonstrates that in some tissues it overlaps with expression of the other mouse neurogenic gene homologues (mNGs). This is most evident in developing epithelial tissues at 12.5-16.5 dpc. Common regions of expression were the salivary gland, nasosensory, lung and kidney epithelia, the enamel epithelium of the tooth progenitors and the neural layer of the retina. As noted previously, these tissues are epithelial in nature and Undergo mesenchymal induction to acquire their characteristic morphologies (Wessells, 1977; Weinmaster et al., 1991; Leon et al., 1996) . Another site of Grg4 expression undergoing similar induction are the lateral ends of the pharynx in the branchial region, which evaginate to form the pharyngial pouches (Hogan et al., 1986) . Expression in these tissues suggests the mNGs play a role in cell-cell signalling during epithelial/mesenchymal interactions, a role the neurogenic genes of Drosophila may also have (Tepass and Hartenstein, 1995) .
Grg4 was also expressed in the developing nervous system, suggesting that it plays a role in neuronal differentiation. Transcripts of Grg4 were first detected in the prospective brain at 8.5 dpc. This expression appeared very similar to that of Hesl in the rostral forebrain and in a diffuse stripe in the roof of the midbrain so it is possible that Grg4 interacts with Hesl there. The bands of Grg4 expression in the midbrain and hindbrain suggest that it may function in early brain patterning or mark the earliest cell population to differentiate. During neural tube closure and cell differentiation in the spinal cord, Grg4 expression is initially expressed throughout the neural plate, then becomes dorsally restricted after neural tube closure, followed by restriction to a dorso-lateral region at 9.5-10.5 dpc. Finally, at 12.5 dpc, expression is limited to the ventricular zone in the spinal cord. This changing expression pattern may reflect the dynamics of cell differentiation in the spinal cord, with motor neurons first differentiating ventrally at 9.5 dpc, then the commissural neurons more dorsally at 10.5 dpc, and finally the sensory neurons in the dorsal-most domains at 11.5-12.5 dpc. Thus, Grg4 expression appears to precede cell differentiation in the spinal cord.
Most intriguing is the Grg4 expression in specific layers of the developing cerebral cortex. The layers of the cerebral cortex develop by the migration of neurons, after their last mitotic division, from the ventricular zone outwards to the molecular layer (marginal zone), beginning at approximately 14.5 dpc. After migration, cells are gradually displaced inwards as other cells arrive later at the molecular layer. This gives rise to the 'inside-out' pattern of the final six layers of the cortical plate (Rakic, 1972 (Rakic, , 1988 . The neurons in each of these layers differentiate to a characteristic variety of neurons (Dehni et al., 1995; Ishibashi et al., 1995) .
Grg4 expression by the earliest neurons to migrate to the cortical plate, followed by expression in cells that have been displaced inwards, could represent either of two possible functions for Grg4 protein there. It may act to specify differentiation to one particular neuronal type, or it may play a more general role in regulating the maturation of a blast cell to a differentiated cell. The expression of Grg4 in other types of proliferating cell populations, including the spinal cord (see above), during devel- Fig. 9 . Expression of mouse neurogenic gene homologues in the head region of 16.5 dpc mouse embryos. (A) Grg4 expression is strongest in the infragranular region of the cortical plate in the cerebral cortex. Expression is also detected in the midbrain, cranial ganglia, external granular (outer germinal) layer of the cercbellum, whisker follicles, nasal epithelium, tooth bud and salivary glands. (B) Higher magnification of Grg4 expression showing restriction of the signal to the infragranular layer of the cortical plate. (C,E) Grg3 and Hesl are expressed in overlapping tissues to Grg4, except for the expression in the cerebral cortex. (D) Grg3 expression in the cerebral cortex is in the ventricular zone and the supragranular layer of the cerebral cortex, while (F) Hesl expression is only in the ventricular zone. cb, cerebellum; cc, cerebral cortex; CPi, infragranular layer of the cortical plate; CPs, supragranular layer of the cortical plate; rob, midbrain; ne, nasal epithelium; sg, salivary gland; tb, toothbud; vz, ventricular zone; wh, whisker follicles; V, trigeminal ganglia.
opment indicates a general function to regulate cell differentiation. The other m N G s are expressed in the proliferating cells of the ventricular zone and the newly arrived neurons of the cerebral cortex. Therefore, each gene seems to play a role in a particular stage of differentiation rather than in specifying neural lineages. This is further supported by the observation that Grg4, as well as the other mNGs, are expressed in the outer granular layer of the cerebellum at 16.5 dpc (see Fig. 9 ). At around birth to 3 weeks postpartum, neuroblasts migrate in from the granular layer to form the cortical layers of the cerebellum, analogous to the migration of cells from the ventricular zone of the cerebral cortex A detailed analysis of Grg4 expression during development of the cerebral cortex and other cortical tissues of the brain, such as the cerebellum and hippocampus, which develop postnatally, should reveal what sort of role Grg4 plays in CNS development.
Another tissue where Grg4 is expressed in adjacent rather than overlapping tissues to the other mNGs is in the somites. Grg4 transcripts are restricted to the myotome compartment of the somites, unlike any of the other characterized mNGs. Grg3 is expressed in the dermamyotome, Grg5 is expressed in the dermatome, and Notchl and Hesl are expressed in a restricted dorsal domain of the somitic mesoderm.
The expression of Grg4 in differentiating neurons of the cortex and myogenic cells of the somite is surprising in light of the role of neurogenic genes in opposing the activity of bHLH cell determination factors, such as Myf5 and MyoD Nye et al., 1994) . This suggests Grg4 has a distinct function from the other Groucho-related proteins. Grg4 may be interacting with a particular Hes protein to promote, rather than inhibit, cell determination along the pro-myogenic/neural pathway. For each Grg family member, the S/P domain, which interacts with the transcription factor, is highly variable between Grg family members. Therefore, each is likely to interact with a particular Hairy-like (Hes) transcription factor. In the case of Grg4 and a corresponding Hes protein, this may have different results on cell differentiation than, for example, a Grg/Hes combination in the ventricular zone of the cortex and dermamyotome.
A further indication that Grg4 may have a distinct function from the other Grg proteins is that it may lack part of the Q domain. The sequence of the rat homologue of Grg4 (Esp2) reveals that a 25 amino acid gap is present in the Q domain (Schmidt and Sladek, 1993) . We have found that the Grg proteins can dimerize through a region of the Q domain that includes the 25 amino acids missing in rat Esp2 (Pinto and Lobe, submitted). One of the Grg family members, Grg5, encodes a protein with only the Q and G/P domains. The Grg5 protein dimerizes efficiently with the other Grg proteins. However it lacks the S/P and WD40 domains to interact with the bHLH transcription factors and heterologous proteins, respectively. Therefore, the function of Grg5 may be to regulate the activity of other Grg proteins. If Grg4, like Esp2, is missing some of the sequence required for dimerization, it may be free of this interaction with Grg5 and the regulation that the other full-length Grg proteins are subject to.
The multiple members of the Notch, Hes and Grg families could interact in various combinations to achieve different effects in regulating cell differentiation during development. The Grg4 expression pattern and sequence suggest it has a role distinct from the other Grg proteins. The comparison of expression between the neurogenic gene homologues indicates possible interactions where different mNGs are co-expressed. Future work to determine whether the protein products do interact will be done using in vitro and in vivo functional studies.
Experimental procedures
PCR of the WD40 domain
Grg cDNAs encoding 153 amino acids from the WD40 domain were amplified from an 11.5 dpc mouse neural tube cDNA library (gift of P. Gros) using nested PCR. From the cDNA library, 1.25 x 10 6 pfu were first amplified to yield a 499 bp fragment using the following primers: 5'-GCATCAAGGCTGAGCTGACG-3' and 5'-GCTCCATAAGGCGTCCTCCA-3' (Operon Technologies). Five percent of this product was then amplified using the primers 5'-TCCTCGGCTCCAGCCTGTTA-3' and 5'-GGCATFGAGAAGGTTGTCTT-3', producing a 459 bp fragment. The reaction conditions for PCR were: 50mM KC1, 10mM Tris-HCl (pH 9.0 at 25°C), 0.1% Triton X-100, 1.5 mM MgC12, 200 nM dNTPs, and 3 nM of each primer. The reaction was heated at 94°C for 5 min prior to the addition of 5 U of Taq polymerase (Promega). Thirty PCR cycles comprised of 1 min at 94°C, 2 min at 50°C, and 3 min at 72°C were performed in a PerkinsElmer/Cetus DNA thermal cycler. An additional 7 min extension period at 72°C was included at the end of cycling.
Isolation of Grg4 cDNAs
DNA insert containing the Grg4 WD40 domain, obtained by PCR amplification, was used as a probe to screen a mouse 11.5 dpc neural tube library (gift of Dr. P. Gros). Gel-purified insert was labeled to a specific activity of 1-5 × 108cpm//zg using a random primer kit (BRL). Phage were plated onto 22 × 22 cm Petri dishes and duplicate copies were lifted onto Hybond-N nitrocellulose filters. The filters were denatured (0.5 M NaOH, 1.5 M NaC1), neutralized (0.5 M Tris-HC1, 1.5 M NaCI) and rinsed in 2 × SSC (1 × SSC is 150mM NaC1, 15 mM sodium citrate, pH 7). Filters were then baked at 80°C for 90 min. Pre-hybridization was carried out for 12-16h at 65°C in 4×SET-l% SDS (1 ×SET is 150 mM NaC1, 30 mM Tris-HC1 pH 8, 1 mM EDTA). Denatured probe was then added to a final concentration of -1 × 105 cprn/ml and the filters were hybridized at 65°C overnight. They were then washed in 0.2 × SSC/ 1% SDS at 65°C three times for 30 min and exposed to X-ray film. Plaques from regions of positive signals were re-screened using the same conditions. Isolated positive phage clones were then used for excision from the lambda ZAP vector to produce cDNA inserts in the pBluescript vector (Stratagene). Inserts were sequenced using the Sanger dideoxynucleotide method with T7 DNA polymerase (Pharmacia Biotech).
4.3.
Whole-mount in situ hybridization of 7.5-10.5 dpc embryos FVB/N mice were mated and the day of the plug was taken as 0.5 dpc. Embryos of 7.5-10.5 dpc were dissected into PBS and fixed overnight at 4°C in 4% paraformaldehyde in PBS. The following day they were passed through a graded methanol series and then stored in methanol at -20°C.
The prehybridization and hybridization conditions for whole mount in situs were exactly as described (Wilkinson and Nieto, 1993) . Washes the following day were twice for 30 min at 70°C in solution 1 (50% formamide, 5 × SSC, pH 4~5, 1% SDS), 10 min at 70°C in a 1:1 mix of solution 1 and solution 2 (0.5 M NaCI, 10 mM Tris-HC1, pH 7.5, 0.1% Tween-20), three 5 min washes in solution 2, two 30 min incubations at 37°C in solution 2, a 5 min wash in solution 2, 5 min in solution 3 (50% formamide, 2 × SSC, pH 4.5), two 30 min washes in solution 3 at 65°C, three 5 min washes in TBST (137 mM NaC1, 25mM Tris-HCl, pH 7.6, 3mM KCI, 0.1% Tween-20) and a 90min block in 10% serum/TBST. RNaseA was typically not added to the solution 2 washes because we found this produced a higher signal without introducing a background problem. Embryos were then incubated overnight at 4°C with alkaline phosphatasecoupled anti-digoxygenin antibody (Boehringer-Mannheim). The antibody was pre-blocked for 90 min at 4°C with 13 dpc embryo powder and 1% serum in TBST. After overnight incubation with antibody, embryos were washed three times for 5 min and four times for 1 h in TBST, and then washed overnight in TBST. The following day embryos were washed three times for 10 min in NTMT (100mM NaC1, 100mM Tris-HC1, pH 9.5, 50 mM MgCI 2, 0.1% Tween-20, 2 mM levamisole) and then stained for 2-12 h in 337.5/zg/ml NBT/175/zg/ml BCIP in NTMT. After staining, embryos were washed in PBT and stored in 80% glycerol/PBT at 4°C. They were photographed using illuminated light on a Leica Wild M3C dissecting microscope.
After photographing embryos, they were cryoprotected in 20% sucrose/PBS, then frozen and sectioned at 10/zm on a Leitz cryostat at -20°C. Slides were directly mounted in 7% gelatin/50% glycerin and photographed on a Zeiss Axiophot microscope with DIC optics.
In situ hybridization of embryo sections
Embryos of 10.5-16.5 dpc were dissected into PBS and fixed overnight in 4% PFA/PBS at 4°C. The next day they were rinsed through a graded ethanol series, xylene, and then were paraffin embedded. Embryo blocks were sectioned at 20/~m. The slides were pre-hybridized, hybridized, incubated with antibody and washed as described (Wilkinson and Nieto, 1993) , except that RNaseA was not added to the solution 2 washes. The alkaline phosphatase staining reaction was allowed to proceed for 6 h to overnight. Following a rinse in PBS and water, slides were air-dried, mounted in Permount and photographed on a Zeiss Axiophot with DIC optics.
Digoxygenin-labeled RNA probes
The DNA template used for generation of the Grg4 probe was the 459 bp sequence from the WD40 domain obtained by PCR. Grg3 and Grg5 probes were fragments covering the Q domain (Leon et al., 1996) . Each of these Grg probes does not bind to transcripts of other members of the Grg family under the hybridization conditions used. The Hesl and Notchl (Reaume et al., 1992) probes were kindly provided by Drs. H. Kageyama and J. Rossant, respectively. DNAs were linearized and RNA synthesis was directed using T7, T3 or SP6 RNA polymerase, including digoxygenin-labeled nucleotide mix as recommended by the suppliers (Boehringer-Mannheim). Products were analyzed on a 1% agarose gel and approximately 1/~g/ml of the digoxygenin-labeled antisense RNA was used for hybridization of embryos and slides.
